Based on the progress in organoid technology, researchers have explored the use of intestinal organoids for regenerative medicine. This article showcases recent progress in different strategies of organoid-based regenerative medicine, such as the generation of highly functional organoids in vitro, or direct transplantation of various forms of currently available organoids.
T he intestinal epithelium constitutes a single-layered lining of cells that permits nutrient absorption in the body. It also acts as a protective barrier to restrict microbes and noxious substances in the intestinal lumen. Thus it is clear that the impairment of the intestinal epithelium leads to decreased nutrient absorption and increased ability of microorganisms and toxins to access the body, which may cause a variety of clinical manifestations in humans. Indeed, patients with severe forms of short bowel syndrome (SBS), which occurs as a result of extensive resection of the intestine, [1] [2] [3] or those with congenital disorders 4 suffer from malnutrition because of reduced or dysregulated absorptive function of the intestine. Also, disruption of the intestinal epithelial barrier function has been increasingly recognized as an important mechanism in the development and progression of human inflammatory bowel disease (IBD). 5, 6 Many efforts have been made to restore the intestinal epithelial functions in severe forms of those diseases, such as an attempt to maximize the adaptive epithelial response to intestinal resections in SBS patients 7 or to regain the intact barrier function of the intestinal epithelium in IBD patients. 8 However, no standardized approach has been established.
In the last decade, there have been breakthroughs in culture technologies to maintain intestinal epithelial cells (IECs) in vitro. Studies have shown that when protein factors and extracellular matrix (ECM) scaffolds are adequately supplied, epithelial cells of the small intestine, [9] [10] [11] [12] [13] [14] colon, 10, 13, [15] [16] [17] and fetal intestine 18, 19 of mice, humans, and many other species are organized into unique three-dimensional (3D) structures with efficient expansion of their stem cell populations. Also, there have been advances in maintaining IECs with mesenchymal cells 20, 21 or inducing directed differentiation of the intestine from pluripotent cells, 22 ,23 both of which allow for mixed 3D culture of intestinal epithelial/ non-epithelial cells in vitro. Although there have been various nomenclatures for those diverse 3D structures, 24 the term organoid is now broadly accepted to describe a structure consisting of organ-specific cell types that self-organizes tissue-like structures in vitro. [25] [26] [27] [28] We thus use organoid in this article to describe intestinal tissue-derived structures, irrespective of whether they contain mesenchyme or not, and also pluripotent stem cell-derived intestinal structures. On the basis of these methodologies to culture various types of intestinal organoids, there is a growing interest in using those cultured intestinal cells as a source for regenerative medicine. One such approach would be to place organoid cells in a highly engineered environment with various types of 3D scaffolds to assemble fully functional tissues that precisely recapitulate their original structures. Although this biofabrication approach is primarily aimed at generating biological systems to use for testing a variety of tissue functions, it can also be applied to the use of organoid cells in replacement therapy. Another approach would be to place intestinal organoids back into the body and urge them to undergo functional maturation for their use in regenerative medicine. In this article, we review recent studies that use organoid-based approaches for intestinal tissue engineering and regenerative medicine.
Intestinal Stem Cells and Their Niche Factors In Vivo
The intestinal epithelium of both mouse and human is in an immature state at birth and undergoes further maturation during postnatal periods. [29] [30] [31] The mature tissue architecture in adult intestines (ie, crypt-villus structures in the small intestine and crypt structures in the colon, respectively) represents the functional unit of continuous self-renewal of the epithelial tissues. [32] [33] [34] [35] Early studies revealed significant extracellular cues to regulate homeostasis of the IECs in vivo. Wnt signaling was demonstrated to be indispensable for their proliferation. 36, 37 Moreover, animal studies showed that several other pathways such as tyrosine kinase receptor signaling 38, 39 and Notch signaling 40, 41 promote proliferation of IECs, whereas bone morphogenetic protein signaling has a negative effect on their growth. 42, 43 Additional environmental cues that are provided by the ECM have also been suggested to be critical for survival of IECs in vivo, because the loss of attachment to the ECM induces a type of programmed cell death termed anoikis in IECs. 44, 45 On the basis of these previous findings, Barker et al 46 identified a gene encoding Lgr5, a member of the G-protein coupled receptor family of proteins, as the molecular marker of intestinal stem cells (ISCs). They demonstrated that Lgr5 is one of the Wnt target genes in IECs and labels the cells at the crypt base of both small intestine and colon in adults, which were found to be ISCs by genetic lineage tracing. Several other genes have been subsequently identified as markers of ISCs by using genetic lineage tracing or in vitro clonogenic assay of sorted single cells. [47] [48] [49] Although a detailed description of the cells expressing these different markers is beyond the scope of this article, it is of note that identification of such ISC markers has stimulated the characterization of diverse ISC populations and their hierarchical and regulatory relationships. In addition, identification of ISC markers, as typified by Lgr5, has stimulated the cell-labeling technology that allows for the functional characterization of ISCs in various settings.
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Intestinal Organoids
Early studies attempted to culture normal IECs in vitro. 56, 57 For example, Evans et al 56 developed a method to grow rat small intestinal cells seeded two-dimensionally in culture dishes and tested the effects of several growth factors and substrata in culture. However, such a protocol only allowed IECs to grow for around 10-14 days in the presence of contaminated subepithelial fibroblasts, indicating technical difficulties in maintaining long-term survival and proliferation of IECs in vitro. In the last decade, however, several technological breakthroughs have opened up new ways to grow normal, untransformed IECs containing ISC populations that unambiguously express stem cell markers with self-renewal and multi-differentiation capabilities. It was demonstrated that when crypt cells of the mouse small intestine are embedded in Matrigel, the pure epithelial cells grow for a long-term period with epidermal growth factor, noggin, and R-spondin in the culture medium. 9 Under these well-defined conditions that mimic the physiological ISC niche environment, cells organize into 3D tissue structures composed of a central spherical domain and numerous budding structures that protrude outward. The outer parts recapitulate the crypt structure of the small intestine, with Lgr5þ ISCs and Paneth cells residing at their apex, whereas the central sphere is composed mostly of differentiated cells. 9 Following this study, this type of organotypic epithelial culture was developed not only for small intestinal cells [9] [10] [11] [12] [13] [14] but also for colonic cells 10, 13, [15] [16] [17] and fetal intestinal progenitor cells 18, 19 of mouse and other species including humans. Interestingly, several region-specific and species-specific differences in epithelial culture methodologies were noted. For example, Wnt ligands are required for culturing murine and human colonic cells. 10, [15] [16] [17] Small intestinal cells of human origin also require Wnt factors in culture. 14, 15 Such phenomenon may be due to low production levels of Wnt ligands in those epithelial organoids, which clearly contrasts with the mouse small intestinal epithelial organoids that contain Wnt3-producing Paneth cells. 53 Intriguingly, when Wnt ligands are supplemented in mouse small intestinal epithelial organoid culture, the asymmetric architecture of organoids collapses due to the loss of local gradient of Wnt factors. 53 It is of note that 1 prominent feature of the epithelial organoid system is its capability to expand cells nearly infinitely, which allows us to initiate culture from a small number of cells or tiny pieces of tissue and then obtain a large-scale epithelial culture that can be used in a wide variety of applications.
Another breakthrough was the development of a composite culture of epithelial and non-epithelial elements of the intestine. Ootani et al 20 developed an air-liquid interface model to culture mouse intestinal spheres containing both epithelial and mesenchymal cell types in type I collagen gel. This study suggested that subepithelial myofibroblasts that lined the basal side of IECs might serve a role in supporting long-term culture and multi-lineage differentiation of ISCs in their system. Afterwards, Spence et al 22 reported an elegant method to generate intestinal tissues by inducing step-wise differentiation of human pluripotent stem cells (embryonic stem cells and induced pluripotent stem cells) into definitive endoderm, mid/hindgut spheroids, and then intestinal spheroids. Obtained structures, termed human intestinal organoids (HIOs), are composed of both epithelial and mesenchymal cell types, with the epithelial lining allocated to the luminal surface and the stratified mesenchyme to the outer parts. These multi-layered organoids consisting of cells derived from different germ layers have been shown to recapitulate the complex cellular diversity in original tissues and will become useful tools to study epitheliummesenchyme interactions or developmental/morphogenetic processes in the intestine. For details of technical aspects and applications of these different types of organoid systems, readers should refer to several recent reviews.
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Biofabrication Approach to Produce Intestines In Vitro
Despite the tremendous impact that organoid systems may have on multiple disciplines in intestinal research, it is true that the epithelial component in any organoid is not an exact copy of that in the intestine in vivo in terms of the size, structure, or function. For example, it remains a challenge to render the geometric patterning of the epithelial lining in organoids entirely equivalent to that in physiological intestines. Fully differentiated epithelial cells of the small intestine constitute the central sphere in the epithelial organoids but do not form finger-like projections that completely mimic villus structures. 9 This is also the case with epithelia in organoids composed of mixed epithelial/ non-epithelial populations. Epithelial cells in HIOs appear to form crypt-villus units, but they are thought to be functionally and architecturally similar to immature epithelia in a fetal stage. 22, 62 On the basis of this background, recent studies have begun to take a newer approach to produce functional intestines that exquisitely recapitulate their original fine structures. Such an approach is called biofabrication, in which the cell culture technology is combined with material sciences and engineering technology to manufacture biological systems by using both biological and non-biological materials as their building blocks. 63, 64 Several studies have shown that epithelial cells can be assembled into the structures that accurately mimic intestinal villi and crypts when seeded onto a synthetic scaffold fabricated into specifically designed 3D geometries. [65] [66] [67] [68] [69] [70] Another study by Chen et al 71 showed that by using a geometrically engineered 3D scaffold system, epithelial cells could form a hollow lumen with surrounding myofibroblasts, which were shown to represent proper epithelial functions such as mucus secretion into the lumen. Although many of these studies still use laboratory-adapted cell lines as a source of epithelia, several reports have shown that primary IECs obtained from mice could be incorporated in their systems. 66, [68] [69] [70] 72 Studies in this rapidly growing research area to control spatial patterning of organoids will facilitate studies to produce in vivo-like intestinal architecture in vitro, which could potentially be used for clinical purposes in the future (Figure 1 ). Although the field is still in its early stages of development, this may also include an attempt to decellularize intestinal tissues through chemical and enzymatic digestion and use the resultant scaffolds for generating intestinal tissues by recellularization with organoid cells. 70, 73 In addition to the structure, compositional and mechanical properties of the 3D ECM scaffold have been increasingly recognized as important factors in organoid technology (Figure 1) . The original intestinal epithelial organoid culture was developed by using Matrigel as the 3D scaffold. 9 It is now known that type I collagen serves as an alternative scaffold, 17, 74 but it has been unclear how these 2 types of ECM act differently on epithelial organoids. In a recent study, Sachs et al 75 showed that epithelial organoids of the small intestine, when embedded in type I collagen gel, can align and fuse, changing their structure from an enclosed cystic form to one that is hollow and tube-like. This phenomenon was observed only in the floating, contractible state of collagen gel but not in the adherent, incontractible state. Furthermore, organoid fusion does not occur when Matrigel is used as the ECM. Thus this study indicates that intestinal epithelial organoids intrinsically possess the potential to self-organize into tube-like structures in vitro, and this is achieved only when the composition and the mechanical factors of the ECM are appropriately provided. Another study by Gjorevski et al 76 has also shown an intriguing relationship between the in vitro behavior of IECs and ECM. They demonstrated that a polyethylene glycol-based hydrogel, supplied with an Arg-Gly-Asp peptide, serves as a minimal, chemically defined ECM that supports ISC growth. By further designing the ECM polymers as a partially degradable system, they created a completely defined matrix system that is initially optimal for ISC expansion and then permissive to their morphogenetic differentiation through dynamic changes in the mechanical properties of polymers over time. 76 This study strongly suggests that precisely controlling ECM composition in a sequential manner with completely defined factors will become an innovative approach to generate more complex, mature, and functional intestinal tissues in vitro.
Long-term maintenance and efficient expansion of epithelial cell populations in intestinal organoids have largely relied on their 3D culture conditions. However, the structural feature of organoids that invariably allocates the apical surface of the epithelium to inside of enclosed structure has limited the experimental manipulation of the inner space to study the effect of substances that gain access to the intestinal epithelium from the luminal side. To overcome this, several recent studies have adapted conventional 3D culture of intestinal epithelia to two-dimensional (2D) monolayer culture, which allowed investigation on the process of immunoglobulin A transcytosis across the epithelium 77 or host-microbial interactions. 78, 79 On the basis of the recent finding that the intestinal cells grown in 2D culture are capable of transitioning to 3D organoids and vice versa, 80 these 2D culture methodologies will facilitate the study of intestinal cells, which compensates the limitation or shortcomings of conventional 3D organoid systems.
Tissue-Engineered Small Intestine
In vitro construction of functional intestine is one important step of tissue engineering in regenerative medicine for intestinal diseases. However, it may also be a reasonable strategy to implant intestinal cells, even though they are still in an immature state, and urge them to generate mature, complex tissues in host animals. In an early study before the development of current organoid technology, Choi et al 81 seeded small intestinal cells, which were cultured as described by Evans et al, 56 onto a synthetic tubular scaffold and then implanted them into the omentum of rats. Although the method did not allow the cells to expand extensively during culture, the implants developed into cystic structures in vivo with the epithelium facing the lumen, resembling mature small intestinal epithelia. This observation suggests the presence of some unknown in vivo factors that promote the maturation of implanted tissues. They further showed that development of such neointestinal cysts, named as tissue-engineered small intestine (TESI), involves angiogenesis, 82 lymphangiogenesis, 83 and recruitment of mucosal immune system 84 in host animals. Moreover, it was shown that TESI could be anastomosed to the native small bowel after implantation, which allows its further maturation for 9 months, 85, 86 with functionality to rescue the impaired intestinal function after massive small bowel resection. 87 Grikscheit's group has steadily made progress in this field and shown that TESI indeed includes the ISC population expressing Lgr5 by using transgenic mice. 88 They also found that the human version of TESI, which is implanted into immunocompromised mice as a construct of human postnatal small intestinal tissues and biodegradable scaffolds, develops a tissue containing all 4 differentiated cell types of the human small intestinal epithelium and mesenchymal cell types. This finding suggests the availability of TESI technology to human cells. 89, 90 The emergence of current organoid technology has further stimulated this area of research. It has been demonstrated that HIOs, produced in vitro by directed differentiation of human pluripotent stem cells, can engraft under the kidney capsule of immunocompromised mice. 62 Importantly, transplantation of HIOs induced their maturation from displaying fetal-like to adult-type features, again suggesting some in vivo factors regulating tissue maturation. In the graft, all types of differentiated cells were located within appropriate regions of the crypt-villus axis as seen in adult tissues, and goblet cells and enteroendocrine cells showed more mature morphology than in those in culture. They also showed increases in mRNA/protein expression of markers of differentiated enterocytes and secretory cell types, further confirming the tissue maturation in grafts. 62 Spence's group has further extended the study and demonstrated that HIOs also develop into adult human intestine-like tissues when they are used as a source of TESI and implanted into the mouse abdomen. 91 This finding suggests that new organoid technology, which allows for expansion of the stem cell pool in culture, could be coupled with the old TESI system that allows for surgical joining to native intestines. Interestingly, in a more recent study, Workman et al 92 presented a method for incorporating the components of the enteric nervous system into HIOs by combining human pluripotent stem cell-derived neural crest cells in vitro and in vivo. Thus, sequential protocols to expand the intestinal epithelium with other intestinal elements, including enteric nervous system components, and implant them into a living body as TESI could become an attractive strategy to obtain the neointestine that has fully mature functions. In particular, combining this strategy with the development of methods to enlarge surface areas of TESI and connect them to native intestines in continuity would greatly enhance the development of treatment for severe SBS patients (Figure 1 ).
Direct Organoid Transplantation to Native Intestines
As seen in IBD patients, prolonged intestinal barrier dysfunction is associated not only with continuous fluid loss or malnutrition but also exposure to noxious antigens that further drive chronic inflammation. 5, 6, 8 Thus, restoration of the epithelial barrier in damaged intestines by epithelial organoid transplantation might constitute a novel therapeutic approach for patients with those diseases. Patients with other diseases might also benefit from transplantation of intestinal epithelial organoids onto native intestines. For example, a loss-of-function mutation of genes encoding transporters 93, 94 or enzymes 95 that have nonredundant roles in intestinal functions causes clinical manifestations despite a normal intestinal surface area. 4 Although these are usually rare disorders, the replacement of even a small area of the affected intestinal epithelium with gene-corrected epithelia might ameliorate the course of disease.
Even before the emergence of organoid technology, researchers made attempts to graft IECs onto the surface of native intestines. Tait et al 96 developed a rat recipient model in which a freely isolated loop of the ascending colon was used as a scaffold of transplantation by applying surgical mucosectomy. Two weeks after transplanting rat small intestinal cells prepared according to the protocol of Evans et al, 56 they found that the transplants ectopically regenerated the tissue containing epithelial lineages of the small intestine. 96 Stelzner and his group also transplanted intestinal cells onto the native intestine. 97 They isolated a part of the jejunum with its blood supply unaffected and stripped its epithelium by using ethylenediamine tetraacetic acid treatment in mice. They then showed that transplantation of small intestinal cells onto the jejunal portion resulted in the reconstitution of tissues that showed typical small bowel morphology indistinguishable from the adjacent native mucosa. 97 They further showed that the cells obtained from the ileum could engraft the jejunum, keeping the expression of the Slc10A2 gene that encodes an ileal bile acid transporter. 98 The neointestine that was generated by replacing the jejunal epithelium with the ileal one was capable of absorbing bile acids and corrected a clinical manifestation of malabsorption caused by intestinal resection. 99 These studies were done before the development of current organoid technology that allows for expansion of stem cell populations before transplantation. However, those early studies demonstrated that the denuded surface of the intestine, which is generated by certain types of experimental procedures, could serve as a scaffold for cell transplantation.
The result of successful orthotopic transplantation of epithelial organoids, expanded by current organoid technology, was first described with colon epithelial organoids. 17 Acute colitis was induced in recipient mice to generate denuded regions in the colon, and the cultured organoids were transplanted in recipient mice by means of enema. Shortly after transplantation, the transplanted cells were shown to cover the submucosa of injured recipient tissues. Importantly, mice that had successful engraftment regained their body weight faster than those of sham-transplanted mice. At 4 weeks after transplantation, transplanted cells contained proliferating cells and all terminally differentiated cell types, which indicated the presence of functional stem cells in the graft epithelium. Furthermore, extensively expanded colonic epithelial organoids, whose culture was initiated from a fluorescence-activated cell sorter-sorted single Lgr5þ colonic stem cell, were shown to engraft in multiple recipients, generating large areas of donor-derived colonic epithelium composed of normal colonic crypts. 17 This study provides proof of principle that isolation, expansion, and transplantation of stem cell-containing epithelial organoids become a stem-cell therapy to repair damaged epithelia in certain types of diseases.
By using the same transplantation protocol, mouse fetal small intestinal epithelial organoids 18 and in vitro-engineered endoderm progenitor cells, the latter of which were generated by transcription factor-driven conversion from fibroblasts, 100 were shown to engraft to the colon. Interestingly, although the transplanted cells in these studies significantly differed from adult colonic cells, the graft tissues showed colonic epithelial phenotypes. This finding suggested that intestinal epithelial organoids composed of immature cells that preserve plasticity regarding differentiation can adapt to the colonic environment through phenotypic changes. By contrast, a subsequent study by Fukuda et al 101 demonstrated that small intestinal epithelial organoids of adult mouse origin behave differently when transplanted into the colon. With a new recipient mouse model where ethylenediamine tetraacetic acid treatment and mechanical epithelial abrasion of the colon were used as a preparation for transplantation, the study showed that adult small intestinal organoids regenerate new epithelia that morphologically and functionally preserve mature small intestinal phenotypes even in the colonic environment. These collective data indicate that the mesenchymal component of the adult colon can provide some instructive signals as a scaffold to direct the fate of immature cells toward the colonic phenotype, but it is not enough to drive the differentiation status of adult small intestine cells into colonic ones. From the viewpoint of using organoids in clinical practice, this may indicate that there are options to use different types of epithelial organoids as a source of transplantation, depending on the availability of the donor cell source or the site of the diseased region in affected patients.
Transplanting epithelial organoids to the intestinal surface of living animals is becoming a unique methodology for many types of intestinal research. In a recent study, O'Rourke et al 102 used the colitis recipient model and showed that patient-derived human colorectal cancer organoids engrafted to the colon in immunocompromised mice. In another report, Roper et al 103 developed a novel approach to orthotopic organoid transplantation of colorectal cancer cells into mice by using colonoscopy-guided intramucosal injection. Although these studies mostly focused on the progression and metastatic processes of colorectal cancer in vivo, their data showed that orthotopic transplantation models in mice could become a useful tool even for the study of human cells. Indeed, we have recently established an orthotopic transplantation protocol that allows engraftment of normal human colonic stem cells in mouse colons to study their spatiotemporal dynamics in vivo. 104 These studies, including ours, will provide evidence that human intestinal epithelial organoid cells will become a source of cell-based therapy. It remains unanswered whether the transplantation method can be adapted to any part of the intestine, or how this can be achieved. However, development of the method to repair injured epithelia directly or to partially replace the aberrant intestinal epithelia with normal ones would be a promising new therapeutic approach for several types of human diseases (Figure 1 ).
Conclusion
We have reviewed recent studies that represent important strategies in intestinal tissue engineering and regenerative medicine that are based on organoid culture technology. Fueled by the identification of ISCs and the development of groundbreaking organoid culture methodologies, this research area is growing rapidly. There have been many different challenges, ranging from the generation of highly organotypic structures in vitro to the repair or replacement of diseased intestinal epithelia by using healthy epithelial organoids. These various approaches are not exclusive to any one goal of intestinal regenerative medicine. Rather, concurrent advances in multiple fields will offer a variety of options to utilize different types of organoids with various cell types for regenerative medicine for intestinal diseases in humans.
